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Introduction: 
 
My research has focused on the mechanism of inhibition of a set of single-chain inhibitors of 
Membrane-Type Serine Protease 1 (MT-SP1). MT-SP1 is a type II transmembrane serine 
protease (TTSP) expressed on the surface of epithelial cells.  Research over the past 10 years 
have shown that MT-SP1 is involved in a number of biological processes, including tissue 
development, cell adhesion, and growth factor activation.  Furthermore, a number of experiments 
have suggested dysregulated MT-SP1 activity may have a critical role in tumor progression and 
metastasis (Uhland 2006).  Immunoblotting, immunohistochemical analysis, and expression level 
analysis have found MT-SP1 to be differentially overexpressed in breast, prostate, and ovarian 
cancers.  MT-SP1 has been shown to play a role in ovarian (Suzuki et al. 2004) and prostate 
(Galkin et al. 2004) tumor invasion using experimental methods including inhibition of MT-SP1 
by small molecules and anti-sense.  In breast cancer, MT-SP1 expression levels, when correlated 
with substrate expression levels have been prognostic in disease progression.  High levels of 
MT-SP1 expression has been correlated with the expression of hepatocyte growth factor (HGF) 
and the Met/HGF receptor (Kang et al 2003), and with the glycosylation enzyme β1,6-N-
Acetylglucosaminyltransferase V (Siddiqui et al. 1999), and in both cases, these clusters showed 
prognostic value for disease-related survival.  MT-SP1 expression levels have also been 
correlated with macrophage stimulating protein (MSP) (Bhatt et al, 2007), and co-expression of 
MT-SP1, MSP, and its receptor, RON, have been implicated in breast cancer metastasis to the 
bone (Welm et al. 2007).  Finally, modest orthotopic overexpression of MT-SP1 in mouse 
epidermal tissue led to spontaneous squamous cell carcinomas (List et al. 2005), further 
cementing MT-SP1’s role in cancer, and suggesting the enzyme is causally involved in 
malignant transformation.   
 In order to tease apart the role of MT-SP1 in tumor progression, the Craik Lab has used 
phage display to develop a series of potent and specific single-chain antibody inhibitors (scFv) of 
the catalytic domain of MT-SP1 (Sun et al. 2003).  With Ki’s ranging from 10pM to 10nM, these 
inhibitors are extremely potent in vitro, and showed no appreciable inhibition of a panel of 
closely related serine proteases including factor Xa, thrombin, kallikrein, tPA, and uPA.  The 
potential benefits of these inhibitors are two-fold: they can be used to probe complex biology of 
MT-SP1, both its role in normal and cancer biology, and they can be used to validate MT-SP1 as 
both an imaging and therapeutic target.  From a more biophysical standpoint, these inhibitors are 
unique in that they are the only reported antibody inhibitors of serine proteases, a large class of 
homologous enzymes in which the development of specific inhibitors has been a monumental 
challenge.  Most protease inhibitors take advantage of either the catalytic machinery or 
topological fold of the protease.  These scFv inhibitors bind and recognize a specific three-
dimensional epitope near the active site of the enzyme, which allows for specificity among 
proteases, and allows for a fundamentally different mechanism of inhibition from other 
biologically active protease inhibitors.  A thorough understanding of the mechanism of inhibition 
of these inhibitors will help us validate their putative mode of action in vivo, and will suggest 
new strategies for inhibition of MT-SP1 and other serine proteases. 
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Results: 
 
Significant progress has been made in my aims of kinetically and structurally characterizing the 
interactions between two potent scFv inhibitors of MT-SP1, named E2, S4.  Using a combination 
of mutagenesis experiments, steady state kinetics, and stopped flow kinetics, we have determined 
the mechanism of inhibition of both of these novel macromolecular inhibitors.  These results 
have recently been published in the Journal of Molecular Biology and are attached in appendix 1. 
 
S4 is a competitive inhibitor of MT-SP1 with a KI of 140pM, and a number of kinetic 
competition experiments have shown it binds at or near the S1-site in the protease active site, 
which is critical to substrate and inhibitor binding.  The scFv has a fast association rate, of 
1.2x108 M-1s-1, nearly an order of magnitude faster than that of a typical protein-protein 
interaction.  It has a one-step binding mechanism, and rapidly comes to binding equilibrium with 
the protease.  The surface loops of closely related serine proteases surround the protease active 
site and show a high degree of sequential diversity.  Alanine scanning these loops has helped 
define the binding epitope of the antibody, and thus the basis of its specificity.  S4 makes a 
number of moderate interactions with the six loops surrounding the protease active site, 
effectively capping the active site and preventing substrate binding. 
 
E2 has a more complex mechanism of inhibition.  It too is a competitive inhibitor of MT-SP1, 
has a KI of 8.0pM, and competes with substrate binding in the active site.  Stopped-flow 
experiments revealed that there are at least two binding steps in the inhibition process, 
suggesting E2 is a mechanistic inhibitor of MT-SP1.  Digest experiments show that E2 binds in 
the protease active site in a substrate-like manner, and can be cleaved like a substrate-like 
manner.  The multiple binding steps and the substrate-like binding suggest that E2 is a standard 
mechanism serine protease inhibitor.  Standard mechanism serine protease inhibitors are 
ubiquitous in nature, and this mechanism is used to modulate nearly all serine proteases.  Despite 
their robustness, though, standard mechanism inhibitors, such as bovine pancreatic trypsin 
inhibitor (BPTI), are not specific, and can inhibit many serine proteases.  E2 shows a high degree 
of specificity, though.  Alanine scanning of the surface loops of the protease reveal that E2 gains 
its binding specificity through interactions with the 90’s loop of MT-SP1.  Mutations of F97 and 
D96 to alanine nearly abolish E2 binding to the protease.  Therefore, E2 is a standard mechanism 
inhibitor that gains its specificity from its interaction with a ‘hot-spot’ centered on the 90’s loop 
of MT-SP1. 
 
The significance of these results are two-fold.  The mechanisms of inhibition provide a rationale 
for the effectiveness of these inhibitors, and suggest that the development of specific antibody-
based inhibitors against individual members of closely related enzyme families is feasible, and 
an effective way to develop tools to tease apart complex biological processes.  Furthermore, it 
suggests that these inhibitors might be effective in vivo tools, either as biological inhibitors of 
MT-SP1, or as imaging or detection tools.  E2 has been used as a tool to validate the growth 
factor MSP as a substrate of MT-SP1.  E2 inhibited MT-SP1 on the surface of mouse peritoneal 
macrophages, and prevented the processing of pro-MSP, and the resulting activation of the 
macrophages (appendix 2).  This helps provide evidence for a signaling axis consisting of MT-
SP1, MSP, and its receptor, RON, which appears to be important in directing breast cancer 
metastases to the bone. 
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Future Directions 
 
My proposal aimed to crystallize the MT-SP1-inhibitor complex of the inhibitors.  To date, 
despite setting up more than 1,500 crystallization conditions, I have not been able to get crystals 
that diffract to more than 8 angstroms.  In an effort to improve the chances of crystallization, I 
plan on converting the antibodies to an Fab scaffold.  There are also a number of surface residue 
mutations - such as removing cysteines - that have been designed that might improve the 
behavior of MT-SP1 in solution and make the complex more amenable to crystallization.   
 
 
Key Research and Training Accomplishments: 
 

• Determined the modes and mechanisms of inhibition of the two most potent scFv 
inhibitors of the breast-cancer associated serine protease MT-SP1.  These results have 
been summarized in the manuscript “The Mechanism of Inhibition of Antibody-Based 
Inhibitors of Membrane-Type Serine Protease 1 (MT-SP1)”, which has been accepted by 
the Journal of Molecular Biology (see Reportable Outcomes and Appendix 1).   

 
• The scFv inhibitor EB-9 has been validated as a useful biological tool in cell-culture 

assays; it inhibited MT-SP1 activity on the surface of mouse peritoneal macrophages.  
These results were published in “Coordinate expression and functional profiling identify 
an extracellular proteolytic signaling pathway” in the Proceedings of the National 
Academy of Sciences (see Reportable Outcomes and Appendix 2). 

 
• Attended and presented a peer-reviewed poster of this work at the Gordon Conference on 

“Proteases and their Inhibitors”, in July 2006. 
 
• Registered for and will present a poster at the 2007 UCSF Breast Oncology Program 

annual conference.  This two-day retreat this year is focused on molecular diagnostics, 
the UCSF Early Detection Research Program; the Integrative Cancer Biology Program.  

 
 
Reportable Outcomes: 
 
Two papers have been accepted for publication in the past year. 

• Bhatt, AS, Welm, A, Farady, CJ, Vasquez, M, Wilson, K, and Craik, CS.  (2007).  
Coordinate expression and functional profiling identify an extracellular proteolytic 
signaling pathway.  Proc Natl Acad Sci U S A 104, 5771-5776. 

• Farady, CJ, Sun, J, Darragh, MR, Miller, SM, and Craik, CS. (2007). The mechanism of 
inhibition of antibody-based inhibitors of Membrane-Type Serine Protease 1 (MT-SP1).  
J Mol Biol in press. 

 
Future results outlined above will be reportable, and will be published when experiments are 
completed. 
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The mechanisms of inhibition of two novel scFv antibody inhibitors of the
serine protease MT-SP1/matriptase reveal the basis of their potency and
specificity. Kinetic experiments characterize the inhibitors as extremely
potent inhibitors with KI values in the low picomolar range that compete
with substrate binding in the S1 site. Alanine scanning of the loops
surrounding the protease active site provides a rationale for inhibitor
specificity. Each antibody binds to a number of residues flanking the active
site, forming a unique three-dimensional binding epitope. Interestingly, one
inhibitor binds in the active site cleft in a substrate-like manner, can be
processed by MT-SP1 at low pH, and is a standard mechanism inhibitor of
the protease. The mechanisms of inhibition provide a rationale for the
effectiveness of these inhibitors, and suggest that the development of
specific antibody-based inhibitors against individual members of closely
related enzyme families is feasible, and an effective way to develop tools to
tease apart complex biological processes.
© 2007 Published by Elsevier Ltd.
EKeywords: antibody; standard mechanism protease inhibitor; specificity;
serine protease; HuCAL
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REIntroduction

Of the 22 families of naturally occurring, protein-
based protease inhibitors known to inhibit the
S1 clan of serine proteases, 18 use an identical
mechanism of inhibition.1 Standard mechanism
(also known as canonical, or Laskowski mechan-
ism) inhibitors all insert a reactive loop into the
active site of the protease, which binds in an ex-
tended β-sheet in a substrate-like manner.2 While
some of these inhibitors have developed secondary
mechanisms,3 the primary mechanism of inhibition
is extremely well conserved; so much so that
crystal structures of unrelated inhibitors overlay
64
65
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8

perfectly in the protease active site.4 As evidenced
by this remarkable example of convergent evolu-
tion, the standard mechanism is an efficient, robust
way to inhibit serine proteases. However, this
robustness often comes at the expense of specifi-
city. With the exception of a small number of
parasitic anti-thrombin inhibitors that also bind
to protease exosites,5 the majority of standard
mechanism protease inhibitors have a relatively
broad specificity. Bovine pancreatic trypsin inhibi-
tor (BPTI) inhibits efficiently almost all trypsin-fold
serine proteases with P1-Arg specificity, but can
inhibit chymotrypsin (P1-Phe specificity) with a KI
of 10 nM.6

Much effort has been expended on the develop-
ment of specific protease inhibitors for use both as
biological tools and as potential therapeutic agents.
As attempts to make specific small molecules have
beset by difficulties,7 researchers have often at-
tempted to gain specificity using peptide or protein-
based scaffolds. Constrained peptide phage display
libraries have yielded extremely potent exosite
inhibitors of factor VIIa,8,9 and standard mechanism
inhibitors of chymotrypsin,10 and urokinase-type
plasminogen activator (uPA),11 with moderate
potency and specificity. An alternate approach has
ibition of Antibody-based Inhibitors of Membrane-type Serine
78
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been to improve the specificity of naturally occurring
protease inhibitors.12–14 For example, maturation of
Alzheimer's amyloid β-protein precursor inhibitor
Kunitz domain, a canonical serine protease inhibitor,
via competitive phage display improved its specifi-
city for factor VIIa by increasing itsKI against a panel
of some related serine proteases by two to five orders
ofmagnitude.13 A third approach has been tomature
specific protease inhibitors on other natural protein
scaffolds, such as ankyrin repeats or antibodies.15

Until now, the characterized protease antibody
inhibitors have been monoclonal antibodies raised
from hybridomas, and have tended towards two
types of inhibitors; those that interfere with multi-
merization (and thus activation) of the protease,16–18

and those that bind to loops and protein–protein
interaction sites19–22 and occlude substrate binding,
instead of interfering with the catalytic machinery of
the enzyme, and ensuring complete inhibition.23

Earlier, we reported the development of single-
chain variable fragment (scFv) antibody inhibitors
of the serine protease membrane-type serine pro-
tease 1 (MT-SP1).24 MT-SP1 (also called matriptase)
was discovered and cloned in a search for serine
proteases expressed in the PC-3 prostate cancer cell
line,25 and was determined independently to be a
highly expressed protease in breast cancer tissue.26

Work by a number of groups has since shown that
MT-SP1 may be a key upstream factor involved in
the ECM remodeling, and in signal transduction
cascades involved in cell transformation.27 Abla-
tion of MT-SP1 activity has been shown to decrease
the invasiveness of both ovarian and prostate
tumor cells, and modest orthotopic over-expression
of MT-SP1 in mouse epidermal tissue led to
spontaneous squamous cell carcinomas,28 further
cementing the role of MT-SP1s in cancer, and sug-
gesting the enzyme is causally involved inmalignant
transformation.
Here, we have characterized the mechanism of

inhibition of the two most potent scFv inhibitors of
MT-SP1, E2 and S4. The inhibitors were selected
from a fully synthetic human combinatorial anti-
body library in the scFv format (HuCAL, Mor-
phoSys AG). HuCAL-scFv contains consensus
frameworks with diversified light and heavy chain
CDR3 regions reflecting the natural human amino
acid composition.29 A combination of mutagenesis
experiments, steady-state kinetics, and stopped-
flow kinetics reveal that, while the inhibitors gain
specificity by making a number of critical interac-
tions with surface loops on the protease, they can be
standard mechanism inhibitors, which insert a re-
Table 1. Kinetic parameters of scFv inhibitors

kon
a (106M−1s−1) k off

a (10−3s−1) Kd
a (nM) Mode of inhibiti

E2 2.1 0.38 0.16 Competitive
S4 11.5 5.8 0.51 Competitive
MOI, multiplicity of infection.

a Values determined by SPR.24

Please cite this article as: Farady, C. J. et al., The Mechanism of Inh
Protease 1 (MT-SP1), J. Mol. Biol. (2007), doi:10.1016/j.jmb.2007.03.0
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active loop in a substrate like manner into the active
site of the protease. This work suggests that the
antibody scaffold can be used to create extremely
specific standard mechanism protease inhibitors.
Furthermore, the design of inhibitors that utilize
macromolecular recognition factors (variable loops,
protein–protein interaction sites) can help to differ-
entiate highly homologous proteases, and can thus
impart specificity upon the inhibitors.
TE
D P

RO
OF

Results

Earlier, we described the maturation and initial
characterization of a number of scFv inhibitors of
MT-SP1.24 The scFvs bound tightly to the catalytic
domain of MT-SP1, and showed a high degree of
specificity, as they showed no appreciable inhibi-
tion of a panel of closely related serine proteases,
including factor Xa, thrombin, kallikrein, tissue
plasminogen activator (tPA), and uPA at inhibitor
concentrations of 1 μM. Here, we characterize the
mechanism of inhibition of E2 and S4, the two most
potent members of this novel class of serine protease
inhibitors.

Steady-state kinetics

Previous experiments showed that E2 and S4 had
KD values of 160 pM and 500 pM (as determined by
surface plasmon resonance), and were potent
inhibitors of MT-SP1. In the current study, a number
of steady-state kinetic experiments were performed
in an attempt to understand the mechanism of
inhibition of these inhibitors. The results of these
experiments are summarized in Table 1. Double
reciprocal plots revealed that both E2 and S4 are
competitive inhibitors of MT-SP1 with respect to
Spectrazyme-tPA, a small molecule para-nitroanilide
(pNA) substrate of P1 arginine serine proteases. To
further characterize the tight-binding nature of these
inhibitors, accurate KI values were determined; E2
and S4 are extremely tight-binding competitive
inhibitors of MT-SP1, with KI values of 8.0(±1.3)
pM and 140(±6.0) pM, respectively.
To verify that the mode of inhibition is similar in

the context of a macromolecular substrate, a discon-
tinuous assay was developed to measure the activa-
tion of uPA. The KM of uPA as a substrate forMT-SP1
was determined to be 1.7(±0.2) μM, and the kcat of
MT-SP1 activation of sc-uPA was 0.89(±0.09) s−1.
Double reciprocal plots showed that the inhibitors
were indeed competitive with respect to macromo-
on Ki (pM) Macromolecular MOI Macromolecular Ki (pM)

8.0±1.3 Competitive 12
140±6 Competitive 160

ibition of Antibody-based Inhibitors of Membrane-type Serine
78
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lecular substrates. From these data, approximate KI
values of 12 pM for E2 and 160 pM for S4 could be
extrapolated (Table 1). Since the substrate (uPA)
concentration could not be increased above KM, the
errors associated with KI values are large; none-
theless, they confirm that the inhibitors inhibit
MT-SP1 equally well, regardless of the size of the
protease substrate.

Pre-steady-state kinetics

A closer examination of the progress curves of
the steady-state reactions when enzyme was added
to a mixture of substrate and inhibitor revealed
different binding mechanisms for E2 and S4 (Figure
1). The progress curves for S4 are linear, suggesting
the binding of scFv to enzyme comes to equili-
brium rapidly. Conversely, the progress curves for
E2 inhibition are curved, suggesting slow binding
inhibition.30 To define the binding mechanisms of
these scFvs, stopped-flow experiments were per-
formed to evaluate the onset of inhibition during
turnover at higher concentrations of enzyme.
Stopped-flow experimentsmeasured the appearance
of pNA, and were carried out as described in
Materials and Methods.
The stopped-flow traces from the S4 inhibitor

experiments were fit by nonlinear regression to the
rate equations for reversible, tight-binding inhibi-
tion to obtain observed rate constants (kobs) for the
onset of inhibition (equation (5)).31 Plots of kobs
versus [S4] are linear with positive y-intercepts
(Figure 2(a)), consistent with a one-step reversible
mechanism for binding the inhibitor. The y-inter-
cepts of the plots give an average off-rate of k−1=
1.7×10−2 s−1, and a secondary plot of the slopes
versus substrate concentration (Figure 2(a), inset)
defined the on rate as k1=1.2×10

8 M−1s−1. The KI
UN
CO

RR
E

Figure 1. Progress curves of MT-SP1 inhibition by scFv
inhibitors reveal multiple mechanisms of inhibition. The
addition of 0.2 nM enzyme to a mixture of substrate
(300 μM Spec-tPA) and inhibitor results in a decrease in
proteolytic activity. S4 inhibition results in a linear
progress curve, suggesting rapid-equilibrium inhibition,
while the curved nature of the E2 progress curve suggests
slow-binding inhibition.

Please cite this article as: Farady, C. J. et al., The Mechanism of Inh
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calculated from k−1/k1=147 pM, which is in very
good agreement with the steady-state KI of 140 pM
from experiment. From these data, it can be
concluded that S4 binds and inhibits MT-SP1 with
an extremely fast on-rate, and has a one-step
binding mechanism as shown in Scheme 1.
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experiments (Figure 2(b)) revealed a more com-
plicated binding mechanism. In this case, the prog-
ress curves fit well to a sum of two exponentials
(equation (7)), indicating the presence of at least two
steps in the binding process, which leads to the onset
of inhibition. At minimum, a double-exponential
decay is consistent with a two-step binding mechan-
ism. This occurs when the first step in the binding
process is more rapid than the second and, as
a result, the first observed rate constant (kobs1)
shows a linear dependence on the concentration of
inhibitor.32 If kobs1 shows a hyperbolic dependence
on inhibitor concentration, the mechanism of inhibi-
tion involves more than two steps. Unfortunately,
due to the extremely tight nature of the enzyme–
inhibitor interaction, the concentration of inhibitor
could not be increased sufficiently to distinguish
between a linear or hyperbolic dependence of kobs1
on the concentration of inhibitor. But, due to the
presence of two exponential decays, an absolute
minimal mechanism of E2 inhibition has two steps,
and E2 can be classified as a slow, tight-binding
inhibitor.30

p-Aminobenzamidine competition assay

p-Aminobenzamidine (pAB) has been reported as
a weak competitive inhibitor of P1-arginine-specific
serine proteases,33 and can be used as a fluorescent
probe to monitor substrate or inhibitor binding in
the S1 site. The hydrophobic nature of the S1 site
causes pAB to fluoresce with a maximum emission
around 360 nm when bound to the enzyme, while
pAB in aqueous solution has both a lower intensity
and longer wavelength of emission at 376 nm. pAB
has been used as a probe to monitor binding of
inhibitors in the S1 site of inhibitors; competitive
inhibitors displace pAB from the protease active site
and reduce emission at 360 nm,33,34 while non-
competitive inhibitors do not.35 pAB has a KI of
28.8 μM forMT-SP1 (data not shown), and 1 μMMT-
SP1 incubated with 270 μM PAB (to saturate the
enzyme) shows a characteristic emission peak at
361 nmwhen excited at 325 nm (Figure 3). When one
equivalent of either E2 or S4 is added to the pre-
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Figure 2. Stopped-flow experi-
ments confirm disparate mechan-
isms of inhibitor binding to MT-
SP1. (a) Linear plots of kobs versus S4
concentration confirm that S4 has a
one-step binding mechanism, as
illustrated by Schem 1. Individual
traces are for different concentra-
tions substrate: black (×), 200 μM
Spec-tPA; green (⋄), 300 μM Spec-
tPA; blue (□), 500 μM Spec-tPA;
and red (○),800 μM Spec-tPA. (a)
The y-intercepts of the observed
rate constant plots gave an average
off rate of k−1=1.7×10

−2 s− 1, and a
secondary plot of the slopes versus
concentration of substrate (inset)
defined the on rate as k1=1.2×10

8

M− 1s− 1. (b) The raw stopped-flow
trace monitoring E2 inhibition of
MT-SP1 by measuring the appear-
ance of pNA at 405 nm fits well to
the double exponential equation (7)
with two observed rate constants.
The inset shows the residuals of the
non-linear regression fit. Final con-
centrations for this trace were
240 nM E2, 10 nM MT-SP1, and
500 μM Spec-tPA.
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decreased sharply (Figure 3). This suggests that
both inhibitors bind at or near the S1 site, and most
likely insert an arginine or lysine side-chain into the
pocket.

MT-SP1/inhibitor digest

The reactive site of many standard mechanism
serine protease inhibitors has been determined by
incubating protease and inhibitor at low pH, where
the inhibitor can be cleaved in a substrate-like
manner, causing a processing of the inhibitor into
two fragments, with the cleavage occurring between
the P1 and P1′ residues.36,37 When MT-SP1 and E2
are incubated at pH 6.0 for an extended period of
time (>120 h), E2 is processed into two bands
Please cite this article as: Farady, C. J. et al., The Mechanism of Inh
Protease 1 (MT-SP1), J. Mol. Biol. (2007), doi:10.1016/j.jmb.2007.03.0

11
(Figure 4). This processing is not seen at pH 8.0, or
without MT-SP1 at pH 6.0. MT-SP1 shows no pro-
teolytic activity below pH 6.0, making this the
lowest pH at which processing can occur. Electron
spray ionization (ESI) mass spectrometry verifies
that the processing event takes place between R131
and R132 in E2. The N-terminal fragment has a
mass of 12,013 Da (expected 12,014 Da) and the
C-terminal fragment has a mass of 15,624 Da
(expected 15,627 Da). This places the reactive loop
in the CDR3 of the heavy chain of E2, which would
be expected from the HuCAL library from which
these scFvs were matured, as the scaffold had large,
diverse CDR3s.29 No S4 processing was observed
upon incubation with MT-SP1 for extended periods
of time at low pH, suggesting a different, non-
canonical mechanism of inhibition for the S4 scFv.
ibition of Antibody-based Inhibitors of Membrane-type Serine
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Figure 3. Inhibitors displace pAB from the MT-SP1
active site. pAB (270 μM) incubated with 1 μM MT-SP1
emits a strong emission peak with a maximum at 361 nm
when excited at 325 nm, due to hydrophobic interactions
between pAB and the P1 pocket of the protease. When one
equivalent of either S4 (blue trace) or E2 (green trace) is
added to 1 μM MT-SP1 saturated with pAB, the fluo-
rescence decreases, suggesting pAB is released into the
aqueous environment, where it is weakly fluorescent.
Therefore, binding of both S4 and E2 are competitive with
pAB binding, and both inhibitors bind in or near the P1
pocket in a manner that precludes binding of pAB.
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To verify the mechanism of inhibition of the scFv
inhibitors, point mutants of the arginine residue in
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346Figure 4. E2 is processed by MT-SP1 at pH 6.0. E2

(2 mM) was incubated at pH 6.0 with (lane 3) and without
(lane 1) 0.1 μM MT-SP1 for 120 h. Samples were run on a
12% (w/v) polyacrylamide gel and stained with Coomas-
sie brilliant blue. At pH 6.0, E2 was processed into two
products, with molecular masses determined to be 15,624
Da, and 12,013 Da by ESI mass spectrometry. These
masses, when added together, account for the mass of the
full-length inhibitor (27,219 Da) and the water molecule
added to the products during the hydrolysis reaction. This
processing does not take place when E2 and MT-SP1 are
incubated at pH 8.0 (lane2). The diagram below shows the
site of the scissile bond in the middle of the heavy chain of
E2.
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the CDR3 loops of the inhibitors were constructed. It
would be expected that mutations to residues that
bind in the S1 site of the protease would have the
greatest effect on binding. The mutational data are
summarized in Table 2. E2 R131A and R132A had KI
values of 78 nM and 454 pM, respectively (KI=12.3
pM for the wild-type E2). The mutation of R131 to
alanine has a 6500-fold effect on protease inhibition,
as would be expected from a residue that binds in
the S1 site. This is consistent with the data from the
inhibitor digest at low pH. The mutation of R132
caused a 38-fold increase in KI, suggesting that the
P1′ arginine also makes significant contacts with the
protease. The CDR3 loop of S4 also has a double
arginine motif, R128 and R129. Both arginine
residues were mutated to alanine and had signifi-
cant effects on protease inhibition: S4 R128A had a
KI of 2.8 μM, while the R129 alanine mutant had a KI
of 3.9 nM, a 4×104-fold and a 56-fold difference,
respectively.

MT-SP1 point mutations

To footprint the binding site of the inhibitors, site-
directed mutagenesis was used to alanine scan the
surface of the protease domain.38 On the basis of the
crystal structure of MT-SP1,39 30 point mutants
were identified as potential partners in macromo-
lecular interactions (Table 3). The majority of these
residues were located on the loops flanking the
protease active site. Proteolytic activity against
Spec-tPA was used to assure that the point muta-
tions did not drastically affect MT-SP1 structure or
function. The differences between the mutant and
wild-type protease kcat/KM values were less than
twofold in most cases, suggesting that the muta-
tions had minimal effect on protease structure. MT-
SP1 T98A was a sixfold less efficient enzyme than
the wild-type, which could be attributed primarily
to a lower kcat. MT-SP1 D217A had a threefold
decrease in protease specific activity, which was
due to an increased KM of 210 μM. The F99A,
Q192A, and W215A substitutions in MT-SP1 all
resulted in inactive enzymes. The inactive variants
eluted from a gel-filtration column at the same size
as the zymogen protease, suggesting they are
inactive because they could not autoactivate (data
not shown).
The KI values for E2 and S4 were determined

against the MT-SP1 point mutants. As a positive
control, the fold-specific serine protease inhibitor
Table 2 t2:1. Inhibitor point mutant KI versus MT-SP1 t2:2

t2:3KI (nM) Fold difference

t2:4E2 0.01
t2:5E2 R131A 78 6500
t2:6E2 R132A 0.45 38
t2:7S4 0.07
t2:8S4 R128A 2800 4.0×104
t2:9S4 R129A 3.9 56

All error values >6%. t2:10
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Table 3t3:1 . MT-SP1 point mutant/inhibitor KI valuest3:2

t3:3 BPTI E2 S4

t3:4 KI (pM) Fold difference KI (pM) Fold difference KI (pM) Fold difference

t3:5 MT-SP1 49.7 12.3 70.4
t3:6 Q38A 20.7 0.42 6.1 0.5 73.6 1
t3:7 I41A 12.4 0.25 (fourfold) 12.3 1 208 3
t3:8 I60A 35.8 0.72 50.4 4.1 40.2 0.57
t3:9 D60aA 37.2 0.75 25.1 2 125 1.8
t3:10 D60bA 628 12.6 20.8 1.7 427 6.1
t3:11 R60cA 134 2.7 11.4 0.93 11.7 0.17 (sixfold)
t3:12 F60eA 24.1 0.48 11.4 0.93 102 1.4
t3:13 R60fA 73.4 1.5 10.9 0.89 88.9 1.3
t3:14 Y60gA 43.5 0.88 12.7 1 151 2.1
t3:15 R87A 38.6 0.78 9.4 0.76 54.5 0.77
t3:16 F94A 170 3.4 36.2 2.9 1036 15
t3:17 N95A 83.6 1.7 45.4 3.7 108 1.5
t3:18 D96A 150 3 >1uM >105 897 13
t3:19 F97A 224 4.5 >1uM >105 154 2
t3:20 T98A 76.4 1.5 83.2 6.7 239 3.4
t3:21 H143A 48.5 1 14.2 1.2 1671 24
t3:22 Q145A 83.4 1.7 15.4 1.3 116 1.6
t3:23 Y146A 116 2.3 76.8 6.2 1405 20
t3:24 T150A 57.8 1.2 20.1 1.6 94.6 1.3
t3:25 L153A 116 2.3 21.7 1.8 116 1.6
t3:26 E169A 163 3.3 23.1 1.9 199 2.8
t3:27 Q174A 129 2.6 11.6 0.94 63.7 0.9
t3:28 Q175A 39.7 0.8 851 69 246 3.5
t3:29 D217A 2137 43 32 2.6 838 12
t3:30 Q221aA 63.4 1.3 40.5 3.3 65.7 0.93
t3:31 R222A 42.8 0.87 10.5 0.85 61.1 0.87
t3:32 K224A 111 2.2 46.3 3.8 59.1 0.84

KI is calculated from the IC50 value; all errors >6%.t3:33
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BPTI was screened against the protease point mu-
tants, since the mechanism of inhibition is known40

and a the structure of a co-crystal of BPTI and MT-
SP1 has been solved.39 As would be expected from a
fold-specific protease inhibitor, most point mutants
had little effect on BPTI inhibition. The I41A
substitution moderately improved BPTI binding to
MT-SP1, F94A, F97A, and E169A moderately
decreased BPTI inhibition (corresponding to <1
kcal/mol binding energy), and D60bA and D217A
mutations had a more significant affect on BPTI
inhibition (Figure 5(b)). Analysis of the crystal
structure suggests that the increased KI of MT-SP1
D60bA could be due to D60b hydrogen bonding
with R20 of BPTI, and forming an intramolecular
H-bond with R60c, which packs against BPTI. A
deletion of the H-bonding ability of this side chain
would account for the moderate increase (12.6-fold)
in KI. The structure does not readily explain the
43-fold increase in the KI of BPTI for MT-SP1 D217A,
but it is possible that the mutation affects the struc-
ture of the 220s loop, which would account also for
the increased KM of Spec-tPA for D217A.
On the basis of the alanine scanning data, S4

makes contacts of moderate strength with a number
of residues on the six surface loops surrounding the
active site (Figure 5(a) and (d)). Interactions with the
side-chains of I41, D60b, T98, and Q175 account for
modest binding energy (pink residues, Figure 5(d));
alanine mutations of these residues increased the KI
values of S4 3–6 fold, corresponding to a decrease in
free energy of binding of 0.5–1 kcal/mol. S4 makes
Please cite this article as: Farady, C. J. et al., The Mechanism of Inh
Protease 1 (MT-SP1), J. Mol. Biol. (2007), doi:10.1016/j.jmb.2007.03.0
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TEstronger interactions with the side-chains of F94,
D96, H143, Y146, and D217 (red residues, Figure
5(d)), decreasing the free energy of binding by 1.5–
2.0 kcal/mol. Interestingly, a mutation of R60c to
alanine decreased the KI of S4 6-fold. This suggests
that the protease/scFv interaction has not been
optimized completely. Taken together, the muta-
tional data suggest that S4 makes a number of
moderate contacts with the loops flanking the active
site, making the strongest interactions with the 140s
and 90s loops, and thereby bridging the active site.
E2 makes interactions with a number of loops

surrounding the MT-SP1 active site (Figure 5(c)),
including the base of the 60s loop, the 90s loop, the
170s loop, the 220s loop, and the 140s loop. In
contrast to S4, which makes a number of interactions
of moderate strength, E2 gains much of its binding
energy from interactions with two residues, D96 and
F97. Mutations of each of these residues to alanine
increased the KI of E2 to >1 μM, corresponding to a
decrease in free energy of binding of >7.5 kcal/mol.
The Q175A variant, on the loop adjacent to the 90s
loop, also has a significant effect on E2 inhibition,
increasing the KI of E2 by 69-fold (3.0 kcal/mol). The
90s loop and 170s loop flank the extended binding
sites of MT-SP1,39,41 and F97 helps form the S4
pocket, suggesting E2 binds in the extended binding
pockets of MT-SP1. Though E2 makes minor
interactions with Y146, Q221a, and K224, the
majority of the binding energy of E2 for MT-SP1
comes from interactions with the 90s loop, and
minor interactions with residues flanking the 90s
ibition of Antibody-based Inhibitors of Membrane-type Serine
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Figure 5. MT-SP1 alanine point mutants and their effect on protease inhibition by (b) BPTI, (c) E2, and (d) S4. (a) The 6
MT-SP1 surface loops surrounding the protease active site consisting of a binding cleft and the catalytic triad (sticks). The
space-filling models shown in (b), (c), and (d) are oriented in the same manner, with the catalytic triad in yellow. Point
mutants that had minimal effect on protease inhibition are shaded in gray, mutations that had a three-to tenfold increase
in inhibitor KI are shaded pink, and point mutants that increased inhibitor KI by more than tenfold are shaded in red.
Point mutants that decreased inhibitor KI are shaded in green. The point-mutant/inhibitor KI values are given in Table 3.
MT-SP1 point mutants have a minimal effect on BPTI inhibition, S4 interacts with moderate affinity to all six protease
loops surrounding the active site, and E2 binds with high affinity to the 90s and 170s loop. This Figure was prepared using
PyMoL [http://www.pymol.sourceforge.net/].
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spot for E2 binding; and as the 90s loop sequence is
unique to MT-SP1, it helps explain E2s specificity for
MT-SP1.
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We have described the mechanism by which two
novel scFv antibodies inhibit the cancer-associated
serine proteaseMT-SP1/matriptase. The S4 antibody
has a fast association rate with MT-SP1 (1.2×108
M−1s−1 as measured by stopped-flow kinetics) and
binds very tightly to the protease, making numerous
contacts with the loops surrounding the active site of
MT-SP1. The fast on-rate is likely influenced by
electrostatic steering, which can increase kon by
more than 104 over the basal diffusion-controlled
association rate.42 Mutational data support this
hypothesis, as nearly all the residues S4 makes
significant contacts with are polar or charged. The
inhibitor competes with pAB for the S1 site, and the
R128A variant of S4 nearly abolishes protease
inhibition. Despite these data, S4 cannot be consi-
Please cite this article as: Farady, C. J. et al., The Mechanism of Inh
Protease 1 (MT-SP1), J. Mol. Biol. (2007), doi:10.1016/j.jmb.2007.03.0
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dered a standard mechanism inhibitor of MT-SP1
without further structural characterization. Stan-
dard mechanism inhibitors have a characteristic
two-step binding mechanism; an initial binding
step, followed by a tightening of the enzyme–
inhibitor complex and, as such, have an association
rate approximately two orders of magnitude slower
than S4. Furthermore, S4 is not processed byMT-SP1
at low pH, meaning the substrate-like binding
cannot be assumed.
E2, on the other hand, displays all the character-

istics of a standard mechanism serine protease
inhibitor. While a crystal structure would help to
determine the mechanism of inhibition definitively,
the data here are consistent with E2 being a
standard-mechanism inhibitor. The enzyme–inhibi-
tor complex reaches equilibrium slowly, E2 binds in
a substrate-like manner, and inserts an arginine
residue into the S1 site of MT-SP1 (R131), which is
important for, but not absolutely critical to, inhibi-
tion. Furthermore, E2 shows a slight degree of fold
specificity; it inhibits the mouse homolog of MT-SP1,
epithin, with a KI of 40 nM,24 and can inhibit trypsin,
a digestive protease with extremely broad specifi-
ibition of Antibody-based Inhibitors of Membrane-type Serine
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city, with an IC50 of 45 μM (data not shown). In
contrast to most standard mechanism serine pro-
tease inhibitors, E2 is highly specific for a single
serine protease, MT-SP1. E2 gains much of its
specificity through interactions with the 90s loop
of MT-SP1, and makes significant interactions with
residues D96 and F97 of the protease. Perhaps not
surprisingly, known protease inhibitors that do
exhibit a high degree of specificity, such as antic-
oagulant protease inhibitors from ticks and leeches,
often employ a similar mechanism of inhibition;
they combine the robustness of competitive, active
site inhibition with protein extensions that bind to
recognition sites on target enzymes.5,43

To our knowledge, these scFvs are the first docu-
mented case of mechanistic protease inhibitors on
an antibody scaffold that bind in the active site. A
number of monoclonal antibody protease inhibitors
have been reported17–19,21,22,44 but, despite diverse
mechanisms, all have the same underlying mode of
action; they bind to a small, linear peptide sequence
and prevent either a protein–protein or an enzyme–
substrate interaction. While often sufficient for
inhibition, these monoclonal antibodies can have
curious inhibitory profiles in which they cannot
inhibit the hydrolysis of small-molecule substrates,
or have different levels of inhibition against different
substrates.19,21 Because they are selected in vitro
against the active form of the enzyme, antibodies
developed by phage display have the inherent
advantage of recognizing three-dimensional epi-
topes and the topography of the enzyme active site.
With this comes the opportunity for tighter binding
due to greater buried surface areas and minimal
entropic penalties upon binding, and more complete
inhibition through insertion of residues into the
protease active site. E2 and S4 have clearly used
these advantages; they have fast on-rates, very low
KD values, bind in the active site groove, and make
contact with a number of loops flanking the active
site.
The HuCAL-scFv library contains consensus

framework sequences for all frequently occurring
VH and VL subfamilies with a germline sequence for
the CDR1 and CDR2 in each subfamily.29 Both the
heavy and light chain CDR3 regions were diversi-
fied according to the natural amino acid composi-
tion and cover the natural length variation of the VH
and VL CDR3 regions. In retrospect, this proves to
be an ideal scaffold for serine protease inhibition; it
allows for a large, rigidified reactive loop to be
inserted into the protease active site, while the rest of
the antibody stabilizes the CDR3 of the heavy chain
and makes additional contacts with the protease.
While only the most potent scFv inhibitors of MT-
SP1 were characterized, all inhibitors had heavy
chain CDR3 loops of at least 17 residues, suggesting
that large heavy chain CDR3s were critical to MT-
SP1 inhibition.
The explosion in antibody research over the past 15

years has revolutionized biotechnology. Antibodies
have been developed into extremely useful drugs
and imaging devices, and have become critical tools
Please cite this article as: Farady, C. J. et al., The Mechanism of Inh
Protease 1 (MT-SP1), J. Mol. Biol. (2007), doi:10.1016/j.jmb.2007.03.0
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in many areas of biological research. Here, scFv
fragments have shown the ability to inhibit speci-
fically a single member of a family of closely related
enzymes. While these molecules will be useful in
helping dissect the complex biology of MT-SP1,45

the mechanisms through which they work once
again reveals the innate binding flexibility of anti-
bodies, and the power of protein engineering. That
these inhibitors have developed the robust inhibi-
tion mechanism of standard mechanism serine
protease inhibitors, suggests that we can develop
antibodies to mimic any protein–protein inter-
action, and modulate nearly any biological process
precisely.
TE
D P

RO
OFMaterials and Methods

Protein expression, purification, and mutagenesis

MT-SP1 and MT-SP1 mutants were expressed in
Escherichia coli and purified from inclusion bodies as
described.25 Antibodies were selected from the HuCAL
scFv library (MorphoSys AG, Martinsreid, Germany).29

Expression and purification of inhibitory scFv antibodies
were as described.24 Point mutants were made using the
Stratagene Quickchange kit (Stratagene, La Jolla, CA). One
or two base changes were sufficient to create the point
mutant in each case, and all sequences were verified by
DNA sequencing.

Steady-state kinetics

All reaction volumes were 120 μl and were carried out
in 50 mM Tris–HCl (pH 8.8), 50 mM NaCl, 0.01% (v/v)
Tween-20 unless stated otherwise and all reactions were
carried out in triplicate. Reactions were run in 96-well,
medium-binding, flat-bottomed plates (Corning), and
cleavage of substrate was measured with a UVmax
Microplate Reader (Molecular Devices Corporation, Palo
Alto, CA.). MT-SP1 and mutant protease concentrations
were determined by 4-methylumbelliferyl p-guanidino-
benzoate active-site titration with a Fluormax-2 spectro-
fluorimeter.46 Kinetic parameters of MT-SP1 and mutant
proteases were determined at 0.2 nM enzyme, with
concentrations of Spectrazyme-tPA (hexahydrotyrosyl-
Gly-Arg-pNA, American Diagnostica, Greenwich, CT)
varying from 1 μM to 400 μM. KM and kcat were
determined using the Michaelis–Menten equation.
Tight-binding inhibitors require that the effective

decrease in free enzyme be taken into account when
determining KI values.

31 This is accomplished by incubat-
ing enzyme and inhibitor so that the system can reach
equilibrium, adding substrate, and then measuring
steady-state velocities at various concentrations of inhi-
bitor and fitting the data to:

vi=vs¼ ½ET � IT � Ki*� þ ½ðIT þ Ki*� ETÞ2 þ ð4Ki*ETÞ�1=2
2ET

( )

ð1Þ
KI* values are then plotted against substrate concentra-
tion to extrapolate the KI at zero substrate concentration:

Ki* ¼ Kið1þ ½S�=KmÞ ð2Þ
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When measuring the effect mutations had on the
strength of the interaction between the protease and in-
hibitor, IC50 values were used instead of KI' as determined
above. Though less accurate than KI,

47 IC50 is easier to
calculate when screening large numbers of inhibitor point
mutants, and is sufficient to monitor relative changes in
inhibition versus the wild-type system. IC50 was deter-
mined by incubating inhibitor and 0.2 nM enzyme for at
least 5 h at room temperature to assure steady-state
behavior of the system.3 There was no appreciable
decrease in protease activity during the incubation period.
Steady-state velocities were then plotted against inhibitor
concentration and fit to:

v ¼ vmin þ ðvmax � vminÞ
ð1þ 10ð½I��IC50ÞÞ ð3Þ

Relative KI' was calculated from IC50 values according
to:

KI ¼ IC50

ð1þ ½S�=KMÞ ð4Þ

Though nearly all protease mutants had a minimal (less
than twofold) effect on substrate KM, and the substrate
concentration was held well above the KM, this correction
normalizes the IC50 with respect to the strength of the
protease/substrate interaction. All graphs and equations
were fit using Kaliedagraph 3.6 (Synergy Software, Read-
ing, PA).
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Macromolecular substrate assay

In an assay analogous to that used to monitor factor
VIIa activation of FX,8 we developed a coupled assay
that monitors MT-SP1 activation of uPA in which 50 pM
MT-SP1 was incubated with various concentrations (final
concentrations, 12.5–400 nM) of single-chain uPA (Amer-
ican Diagnostica). At various time-points (0–150 min),
aliquots of the reaction were removed and quenched with
10 nM E2. There was no residual MT-SP1 activity after
the quench, and E2 showed no inhibition of uPA at a
concentration of 10 nM. The amount of active uPA was
measured by monitoring the activity for uPA against the
para-nitroanilide uPA substrate Spectrazyme-UK (Amer-
ican Diagnostica). The mode of inhibition was determined
from double reciprocal plots, and kinetic parameters and
inhibition constants were determined using theMichaelis–
Menten equation. The KM of Spec-UK for uPA was
determined to be 42 μM, and the kcat of uPA turnover
was 1.0 s−1.
 C
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672
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678
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UNStopped-flow kinetics

Stopped-flow experiments were conducted using a
HiTech SF-61DX2 instrument (TgK Scientific Ltd., Brad-
ford on Avon, U.K.). Data were collected in dual beam
mode using photomultiplier detection of absorbance data
at 405 nm. MT-SP1 (10 nM for E2 experiments, 1 nM for S4
experiments) was mixed rapidly with a solution of
substrate (Spec-tPA, 200–800 μM) and inhibitor (10–
300 nM for S4, 100–340 nM for E2) and the appearance
of pNA was monitored for 20 s (for S4) or 150 s (for E2).
Concentrations of enzyme and length of experiments were
varied between the two systems to ensure robust signal
and equilibration of the system.
Please cite this article as: Farady, C. J. et al., The Mechanism of Inh
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The stopped-flow traces from the S4 inhibitor experi-
ments were fit by nonlinear regression to the rate
equations for reversible, tight binding inhibition:31

P ¼ vstþ ðvi � vsÞð1� e�kobstÞ=kobs ð5Þ

The appearance of the product (P) is a function of the
initial (vi) and final (vs) velocities, and an apparent first-
order rate constant, kobs for the onset of inhibition. Plots of
kobs versus inhibitor concentration were linear, and fit to
equation (6), as would be expected when the inhibitory
mechanism consists of one reversible binding step, as in
Scheme 1:

kobs ¼ k�1 þ k1½I�=ð1þ ½S�=KMÞ ð6Þ

E2 stopped-flow traces fit poorly to equation (5),
but fit well to a mechanism with two observed rate
constants:32

P ¼ vstþ ðvi � vsÞð1� e�kobs1tÞ=kobs1
þ ðvi � vsÞð1� e�kobs2tÞ=kobs2

ð7Þ

p-Aminobenzamidine fluorescence

Experiments were carried out in PBS with a Fluorolog 3
(Instruments SA Inc. Edison, NJ) fluorimeter. Emission
spectra of MT-SP1/pAB were obtained by excitation at
325 nm using a 4 nm excitation and 2 nm emission
bandpass, and were scanned from 335–430 nm. Spectra
were corrected for emission due to free pAB and protease.
Data corrections were performed with Datamax 2.20
software (Instruments SA).
T

Inhibitor digest

E2 (2 μM) or S4 (2 μM) was incubated with 0.1 nM
MT-SP1 for 120 h at room temperature. Proteins were
incubated in 100 mM Mes (pH 6.0), 100 mM NaCl or in
50 mM Tris–HCl (pH 8.0), 100 mM NaCl. Proteolysis
was monitored by gel mobility-shift on a 12% (w/v)
polyacrylamide gel with a 4.5% stacking gel, and
stained with Coomassie brilliant blue. ESI mass spectro-
metry was carried out with an LCT Premier mass spec-
trometer (Waters Corp. Milford, MA), and molecular
masses were determined using MassLynx (Waters) decon-
volution software.
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A multidisciplinary method combining transcriptional data, speci-
ficity profiling, and biological characterization of an enzyme may
be used to predict novel substrates. By integrating protease sub-
strate profiling with microarray gene coexpression data from
nearly 2,000 human normal and cancerous tissue samples, three
fundamental components of a protease-activated signaling path-
way were identified. We find that MT-SP1 mediates extracellular
signaling by regulating the local activation of the prometastatic
growth factor MSP-1. We demonstrate MT-SP1 expression in peri-
toneal macrophages, and biochemical methods confirm the ability
of MT-SP1 to cleave and activate pro-MSP-1 in vitro and in a cellular
context. MT-SP1 induced the ability of MSP-1 to inhibit nitric oxide
production in bone marrow macrophages. Addition of HAI-1 or an
MT-SP1-specific antibody inhibitor blocked the proteolytic activa-
tion of MSP-1 at the cell surface of peritoneal macrophages. Taken
together, our work indicates that MT-SP1 is sufficient for MSP-1
activation and that MT-SP1, MSP-1, and the previously shown
MSP-1 tyrosine kinase receptor RON are required for peritoneal
macrophage activation. This work shows that this triad of growth
factor, growth factor activator protease, and growth factor recep-
tor is a protease-activated signaling pathway. Individually, MT-SP1
and RON overexpression have been implicated in cancer progres-
sion and metastasis. Transcriptional coexpression of these genes
suggests that this signaling pathway may be involved in several
human cancers.

cancer � macrophage activation � protease substrate specificity �
proteomics

Despite the successful physiological and biochemical character-
ization of many proteases, the vast majority of the �2% of the

human genome that encodes proteases has yet to be functionally
classified. Although many approaches demonstrate the sufficiency
of a protease to cleave a given substrate, very few are able to address
the physiological relevance of such in vitro findings. Cell-surface
proteolysis is suggested to play a major role in cancer progression
and metastasis through the processing of macromolecules impor-
tant for regulating the extracellular environment. The cell-surface
localization, high activity, and exquisite specificity of type II trans-
membrane serine proteases (TTSPs) suggest a role in outside-in
signaling and interaction with the microenvironment. We elected to
apply a multifaceted approach to identify physiologically relevant
substrates of one prominent member of this family, membrane type
serine protease 1 (MT-SP1/matriptase).

Members of the TTSP family, such as hepsin and MT-SP1, are
highly expressed in many cancers, including those of the prostate,
breast, colon, and ovary (1–9). Both overexpression and inhibi-
tion studies have supported the role of MT-SP1 in tumorigenesis
and tumor growth. Targeted overexpression of MT-SP1 in
squamous epithelia in mice results in skin-limited nodules of
squamous cell carcinoma that become metastatic in the presence of
the chemical carcinogen DMBA (10). Small molecule and macro-
molecular inhibitors of MT-SP1 have been developed and applied
in a mouse model of cancer, resulting in growth suppression of
androgen-independent prostate cancer xenografts (2, 11). Taken
together, these findings suggest a role for MT-SP1 in cancer.

In this study, we sought to explore the mechanism of
MT-SP1’s activity in more detail. Although transcriptional
coregulation has been reported between known pathway com-
ponents, it has not been applied for the prediction of novel
enzyme substrates (12, 13). Transcriptional profiling of nearly
2,000 human samples, including those from normal tissues,
cancer cell lines, and 17 types of cancer tissue was performed
to determine expression levels of MT-SP1, its candidate
substrates, and its proposed endogenous inhibitor, the hepa-
tocyte growth factor activator 1 (HAI-1) (14). Candidate
substrates whose expression correlated with that of MT-SP1 in
a statistically significant fashion were chosen for subsequent
biochemical validation. These substrates were tested and val-
idated in primary cells. Using this approach, we identified the
cancer-associated growth factor macrophage-stimulating pro-
tein 1 (MSP-1) as a substrate of MT-SP1.

Results
Use of PS-SCL and Other Specificity Data to Guide Candidate Substrate
Selection. Limited information on MT-SP1 substrate specificity was
collected by using a complete diverse positionally scanned synthetic
combinatorial library (PS-SCL) of synthetic substrates. The method
can be used to identify consensus, nonprime side cleavage motifs for
proteases (15). Our functional characterization of the binding
specificity of MT-SP1 at the substrate-binding cleft is in accord with
the information obtained from structural studies revealing trypsin-
like specificity at the S1 position, a shallow pocket for small,
hydrophobic residues at the S2 position, and an open negatively
charged cavity at the S4 position, allowing for binding of a basic
residue at P3 or P4 (16). Given the relative degeneracy of the
specificity information obtained through biochemical profiling and
structural studies, additional information was considered in the
development of a consensus cleavage sequence. By using the
specificity determinants obtained from the PS-SCL data and an
alignment of known macromolecular substrates, a set of consensus
sequences for MT-SP1 cleavage was deduced. The specificity of
MT-SP1 was in fairly good agreement with the described cleavage
sequence of the HGF-homolog, MSP-1 (Table 1).
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Transcriptional Profiling of Candidate MT-SP1 Substrates Demon-
strates Two Candidate Proteins That Are Coexpressed with MT-SP1.
To measure candidate gene RNA levels in human tissues and cell
lines, tumor samples and cancer-derived cell lines were obtained
from multiple sources. Tumor samples were obtained from the
following tissue types: bladder, breast, cervical, colon, esopha-
geal, head and neck, lung, ovarian, pancreatic, prostate, renal,
stomach, testicular, and uterine cancers as well as Ewing’s
sarcoma, glioblastoma, and melanoma. Fifty-nine cancer cell
lines, largely obtained from the American Type Culture Collec-
tion (Manassas, VA), were cultured in vitro and as SCID mouse
xenografts. RNA was extracted from these samples, and RNA
from 382 samples representing 86 types of nonpathogenic tissue
was obtained from commercial sources. A single, custom mi-
croarray chip was designed to contain 400,000 perfect-match
probes (�59,000 probe sets). These arrays were then probed with
biotinylated cDNA derived from the sample RNAs, and binding
was quantitated by fluorescence. Genes of interest, such as
described and predicted MT-SP1 substrates, the hepatocyte
growth factor activator inhibitor 1 (HAI-1), and common cancer
markers were chosen for further analysis. Both Pearson’s prod-
uct moment correlation coefficients and Spearman’s rank-order
correlation coefficients were calculated for all the given genes
paired with MT-SP1. Bonferroni-corrected P values and false
discovery rate P values are presented in supporting information
(SI) Table 2. The data are summarized in Fig. 1, with statistical
significance of the correlation established as P � 0.05 after
Bonferroni correction or the false discovery rate correction (see
Methods and SI Appendix). Significant correlations were not
detected in cervical cancer, esophageal cancer, fetal tissues, head
and neck cancer, Ewing’s sarcoma, renal cancer, melanoma, or
testicular cancer.

Expression of HAI-1 and MT-SP1 was significantly correlated
in 13 of the tissue/cell line categories studied. The range of
unadjusted P values calculated for the Pearson’s product mo-
ment correlation coefficient range from 1.83 � 10�45 (HAI-1;
normal tissues) to 0.994. The range of unadjusted P values
calculated for the Spearman’s rank-order correlation coefficient
range from 5.85 � 10�34 (HAI-1; normal tissues) to 1. The most
highly significant correlation detected was between HAI-1 and
MT-SP1 in the aggregated sample of individually characterized
normal body tissues.

This analysis showed that the expression of MT-SP1 and two
of its previously described substrates, Trask and PAR2, was also
significantly correlated in many tissue types. Interestingly, ex-
pression of the described MT-SP1 substrate HGF did not

correlate well with MT-SP1 expression at the transcriptional
level. Transcriptional expression of the HGF homolog, MSP-1,
however, correlated well with expression of the protease in
normal tissues and in certain cancers (Fig. 1). Furthermore,
expression of the receptor for MSP-1, RON, very strongly
correlated with MT-SP1 expression. Although RON has a fairly
narrow expression pattern in normal tissues, including terminally
differentiated macrophages, keratinocytes, several types of co-
lumnar epithelium, and osteoclasts (17), our data demonstrated
aberrant receptor expression in certain cancer tissues. MT-SP1
and RON transcript levels were correlated in several tissue types

Table 1. Alignment of MSP-1 activation sequence with the predicted MT-SP1 cleavage
sequence consensus

P4 P3 P2 P1

Filaggrin R K R R
HGF/SF K Q L R
MT-SP1/matriptase R Q A R
PAR2 S K G R
Trask/CDCP1/SIMA135 K Q S R
uPA/urokinase P R F K
*P1-diverse PS-SCL K/R K/R S � P � G � L K/R
Phage Display K/R vs. X X vs. K/R Small/hydrophobic K/R
Crystal Structure K/R vs. X X vs. K/R Small/hydrophobic K/R
Consensus K/R vs. S/P Q vs. K/R Small/hydrophobic R � K
*MSP-1 S K L R

Per standard notation, P1 is designated as the amino acid N-terminal to the scissile bond with P2 being the
amino acid N-terminal to P1, etc. The P4 through P1 amino acids for known substrates of MT-SP1, P1-diverse PS-SCL
data, phage display data, and crystallographic determinations are displayed. An MT-SP1 consensus cleavage
sequence was derived from this information. The MSP-1 activation sequence is also presented. Asterisks indicate
compiled PS-SCL data or MT-SP1 cleavage sequences determined by N-terminal sequencing in this work.

selp
mas fo reb

mun

Tissue Categories

F
G

Fb

1-
R

F
G

F

1
R

F
G

E
V

F
G

H

golo
moh 1-delzzir

F

F
G

E-
B

H

D
R

P
T

P

2
R

F
G

E
V

F
G

E

5
AF

E
D

R
F

G
E

P
S

M

A
Pu

F
G

E
V

 
(p

ro
be

 s
et

 1
)

 2
R

A
P

(p
ro

be
 s

et
 2

)
 2

R
A

P

ksar
T

N
O

R

1-I
A

H

74 Prostate cancer - 2
153 Lung cancer
212 Cell lines
46 Stomach cancer
33 Prostate cancer - 1
47 Glioblastoma

103 Bladder cancer 
85 Breast cancer
71 Ovarian cancer - 1
81 Colon cancer - Metastatic
70 Ovarian cancer - 2
61 Pancreatic cancer

204 Colon cancer
328 Normal tissues
56 Uterine cancer

Bonferroni, p < 0.05
FDR, p < 0.05

Fig. 1. Correlational cluster diagram of MT-SP1 and associated proteins.
Transcriptional profiling of 19 genes was performed for nearly 2,000 samples
from cell lines, normal tissues, and cancer tissues. Pearson’s and Spearman’s
correlation coefficients were calculated for each gene paired with MT-SP1.
Associated P values were also calculated and corrected by using the Bonferroni
correction method (highly specific) and the false discovery rate (FDR) method
(highly sensitive). Significantly correlated gene pairs (adjusted P � 0.05) are
indicated by shading. Tissue categories without any significant correlations
are not displayed. All correlations determined to be significant by using the
Bonferroni method (darker shading) are significant by using the FDR method
(lighter shading). Transcript levels of HAI-1, the proposed endogenous inhib-
itor of MT-SP1, are significantly correlated with transcript levels of MT-SP1 in
the largest proportion of tissues.
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with coexpression strength on par with MT-SP1/Trask and
MT-SP1/HAI-1. The MT-SP1/MSP-1/RON interaction was cho-
sen for subsequent biochemical validation.

MT-SP1 Is Present on the Cell Surface of Peritoneal Macrophages.
Quantitative RT-PCR (Fig. 2) and immunoblotting (data not
shown) demonstrated the expression of both MT-SP1 and RON
in mouse peritoneal macrophages at levels �10-fold higher than
in bone marrow-derived macrophages (Fig. 2). The endogenous
inhibitor of MT-SP1, HAI-1, was not highly expressed in either
cell type. MSP-1 and RON were originally described as impor-
tant components of signaling cascades at the surface of certain
populations of mature and differentiated macrophages. Previous
studies have identified a cell-surface, trypsin-fold serine protease
activity on macrophages that activates MSP-1, potentiating
MSP-1 binding to RON and subsequent macrophage activation
(18–20).

Cell Surface-Bound MT-SP1 Can Cleave the Predicted Substrate pro-
MSP-1. We investigated whether MT-SP1 could activate MSP-1
for several reasons: (i) MSP-1 requires proteolytic activation to

bind and activate its receptor RON (18–21) (ii) MSP-1 contains
the consensus sequence for cleavage by MT-SP1 (Table 1), and
(iii) MT-SP1 and RON are coexpressed in both peritoneal
macrophages and cancer tissues, consistent with previous ob-
servations that MSP-1 is activated at the surface of cells that
respond to MSP-1 (20). Activation of MSP-1 is the result of
proteolysis C-terminal to R483 (21). The specificity determinant
N-terminal to R483 is the peptide sequence SKLR (P4-P1) (22),
and is in agreement with the PS-SCL results for MT-SP1 (Table
1). MT-SP1 cleaved pro-MSP-1 into two major fragments, which
corresponded to the � and � chains of the mature MSP-1 (Fig.
2). Cleavage at R483 was confirmed by N-terminal sequencing of
the � chain (data not shown). The dose-dependence of this
cleavage event was established by analyzing pro-MSP-1 cleavage
over a 1,000-fold concentration range. Cleavage of MSP into the
� and � chains was detectable at concentrations of protease as
low as 1 nM, with nearly complete activation of pro-MSP-1 by
100 nM MT-SP1 within 1 h at 37°C. Activation of RON at R309

after the specificity determinant RRRR (P4-P1) was also dem-
onstrated by the nearly complete processing of single chain RON
into the mature �/� complex by MT-SP1 (data not shown).

MSP-1 Activation by MT-SP1 Results in Macrophage Morphology
Changes and Inhibition of Nitric Oxide Production by Macrophages.
The cleavage of MSP-1 by MT-SP1 was then tested in primary
cells in culture. Macrophages respond to MSP-1 via RON
activation, leading to changes in cell shape and increased mi-
gration, as well as an inhibition of nitric oxide production
(23–25). We found that primary mouse peritoneal macrophages,
but not primary mouse bone marrow macrophages, underwent
a characteristic shape change upon activation by MSP-1 (Fig. 3)
(25). The effects of the endogenous MT-SP1 inhibitor, HAI-1,
and a highly specific MT-SP1 antibody inhibitor (Fig. 3) were
studied. The morphology change in response to MSP-1 was
independent of HAI-1 or anti-MT-SP1 antibody presence. Both
inhibitors were used at concentrations 10-fold over the reported
Ki. Cell surface-bound MT-SP1 converted pro-MSP-1 into its
biologically active form, and cells underwent morphology change
when incubated with pro-MSP-1 in the absence of HAI-1 or the
anti-MT-SP1 antibody. Addition of a specific inhibitor of MT-
SP1, either HAI-1 or the anti-MT-SP1 antibody, prevented
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Fig. 2. MT-SP1 and RON, but not HAI-1, are expressed in peritoneal macro-
phages, and MT-SP1 cleaves MSP-1 at the activation site. (A) TaqMan was
performed to determine MT-SP1, RON, and HAI-1 expression in primary mouse
bone marrow-derived macrophages and peritoneal macrophages. MT-SP1
and RON are expressed at levels at least 10-fold greater in peritoneal macro-
phages than in bone marrow-derived macrophages. HAI-1 is not expressed in
either cell type. (B) One hundred nanomolar MT-SP1 was incubated with 200
ng of pro-MSP-1 for 30 min at 37°C and then separated by SDS/PAGE. Approx-
imately 50% of pro-MSP-1 is processed into the active �-� heterodimer in this
time, as judged by silver stain. Decrease of the intensity of the pro-MSP-1 band
is accompanied by a concomitant increase in the intensity of the band repre-
senting the � chain of MSP-1. (C) MT-SP1 activates pro-MSP-1 in a dose-
dependent manner as is shown by disappearance of the full-length pro-MSP-1
by immunoblot (from left to right: 1 nM, 10 nM, and 100 nM).

Fig. 3. MT-SP1-activated MSP-1 induces macrophage activation and mor-
phology change. Primary mouse peritoneal macrophages were serum-starved
and incubated in serum-free medium (SFM) in the absence or presence of 50
ng/ml MSP-1, 50 ng/ml pro-MSP-1, 40 nM HAI-1, and 400 nM anti-MT-SP1
antibody as indicated for 4 h. Upon treatment with MSP-1 or pro-MSP-1, the
macrophages undergo a characteristic morphological change demonstrated
by the development of an elongated shape and spiny protrusions. HAI-1 or
anti-MT-SP1 antibody inhibition of endogenous MT-SP1 proteolytic activity
abrogates the ability of pro-MSP-1 to induce this morphological change.
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macrophage activation despite the presence of pro-MSP-1.
These data indicate that MT-SP1, present on the peritoneal
macrophage cell surface, is responsible for the activation of
pro-MSP-1.

Another measure of macrophage response to MSP-1 is inhi-
bition of LPS-induced nitric oxide production. MSP-1 is a strong
attenuator of bone marrow macrophage nitric oxide production
in its activated form but does not exhibit this property in its
pro-form (23). Primary mouse bone marrow macrophages
showed a robust production of nitric oxide in response to LPS
(Fig. 4A). As expected, pro-MSP-1 alone did not inhibit this
response. At baseline, the addition of MT-SP1 alone stimulated
production of NO. This is likely secondary to LPS contamination
in the recombinant MT-SP1 as it is produced in Escherichia coli.
However, upon activation of pro-MSP-1 with exogenously added
MT-SP1, there was a nearly 40% inhibition of LPS-induced nitric

oxide production, commensurate with that achieved with MSP-1
(Fig. 4).

Pro-MSP-1 is thus converted to its bioactive form by MT-SP1,
as measured by both macrophage morphology change and
inhibition of macrophage nitric oxide production. Furthermore,
endogenous MT-SP1 is likely to be responsible for pro-MSP-1
activation on the surface of peritoneal macrophages.

Discussion
Determining the physiological role of orphan proteases has been
a long-standing challenge. Many successful approaches have
been recently reported by using affinity-tagged mass spectro-
metric labeling of newly cleaved substrates and through the use
of specific macromolecular inhibitors of proteases to identify key
components of important cellular pathways (26, 27). Using a
strategy combining specificity profiling, transcriptional data, and
biochemical enzyme characterization, we have identified a pro-
tease (MT-SP1/matriptase), its growth factor substrate (MSP-1),
and the corresponding growth factor receptor (RON) as basic
components of a cell-stimulatory cascade.

Considering that MT-SP1 could play a significant biochemical
role in mediating signaling by processing cancer-related proteins
in vivo, we hypothesized that these signaling proteins would likely
be coexpressed with MT-SP1. To test this hypothesis, a group of
candidate genes were chosen whose expression correlated with
that of MT-SP1 in cancer tissues. The protein products of these
genes were then analyzed for accessible MT-SP1 cleavage motifs.
Finally, candidate substrates that were coexpressed with MT-SP1
and had accessible cleavage motifs were validated in vitro and in
cell-based assays. The coexpression of MT-SP1 with its proposed
endogenous inhibitor, HAI-1, provided authentication of our
approach. The biological interaction between HAI-1 and MT-
SP1 has previously been described in human breast milk (14).
Further studies support the interaction of HAI-1 and MT-SP1 in
breast cancer tissues, because protein levels of the protease-
inhibitor pair are well correlated by immunohistochemistry in a
majority of 330 node-negative breast cancer tissue samples (5).
Recent work has suggested a role for HAI-1 in both inhibition
of MT-SP1 and trafficking of MT-SP1 to the cell surface (28). In
our study, MT-SP1 and HAI-1 transcript levels were significantly
correlated in a majority of the cancerous tissues examined. This
strong correlation suggests that HAI-1 may act as an inhibitor of
MT-SP1 in several other types of cancers in addition to the
originally shown interaction in breast milk and breast cancer
tissue.

Coexpression analysis showed that transcript levels of MT-SP1
and three of its previously described substrates, uPA, PAR2, and
Trask, were also significantly correlated in many tissue types.
The G protein-coupled receptor PAR2 and the plasminogen
activator uPA are both activated by MT-SP1-mediated proteol-
ysis in vitro, and some in vivo evidence exists to support the
physiologic role of MT-SP1 in activating these proteins (29).
Recently, Trask/CDCP1/SIMA135, a mitotic substrate of src
kinases, was shown to be an endogenous substrate of MT-SP1
(30). Along with HAI-1, Trask was one of the most tightly
coregulated proteins identified in the present study. Thus,
several PS-SCL-identified substrates of MT-SP1 were coex-
pressed with MT-SP1, supporting their involvement in MT-SP1-
modulated pathways in vivo. These data also provide further
authentication of the combined substrate specificity/coexpres-
sion method for identification of protease substrates. MT-SP1
and a subset of its substrates/inhibitors are coexpressed, and this
relationship may be partially generalized to other MT-SP1
substrates and other enzyme-substrate pairs. It is important to
note, however, that this approach may not be fully generalized,
given that many substrates are expressed distally from the site of
enzyme production.

A

B

Fig. 4. MT-SP1 activated MSP-1 inhibits LPS-induced nitric oxide production
in macrophages. Mouse bone marrow macrophages were isolated and cul-
tured in 24-well plates. Nitric oxide production was measured by the Griess
reaction. The macrophages exhibit a robust nitric oxide production response
to the positive control of 1 �g/ml LPS. (A) From left to right, the histogram
represents cell cultured with (i) medium alone, (ii) 10 ng/ml MSP-1, (iii) 10
ng/ml pro-MSP-1, (iv) 10 ng/ml pro-MSP-1 plus 10 nM MT-SP1, (v) 1 �g/ml LPS,
(vi) 1 �g/ml LPS plus 10 ng/ml MSP-1, (vii) 1 �g/ml LPS plus 10 ng/ml pro-MSP-1,
and (viii) 10 ng/ml pro-MSP-1 plus 10 nM MT-SP1 plus 1 �g/ml LPS. The
experiment was repeated twice in triplicate, and the data from these exper-
iments were averaged and are reported �SE. (B) The data are also presented
as percent inhibition of NO production as a function of sample conditions.
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The finding that MT-SP1 and MSP-1 were highly coexpressed
supports their physiologic relevance as an enzyme-substrate pair.
The interaction was studied in a cell-based system of peritoneal
macrophages. We demonstrated that MT-SP1 is expressed on
peritoneal macrophages that respond to MSP-1. Although the
transcriptional data suggest that HAI-1 and MT-SP1 are often
coexpressed, the interaction between HAI-1 and MT-SP1 is
likely complex. Peritoneal macrophages represented an ideal
system for the study of MT-SP1 because they are primary cells
and lack HAI-1, thereby eliminating a possible confounding
element to the analysis of cell-based inhibition assays. The exact
role of HAI-1 in processes, such as inhibition and trafficking of
MT-SP1, however, remains to be determined.

The substrate-specificity profiling data for MT-SP1 is in
agreement with its ability to cleave the activation sequence of
MSP-1, and this was confirmed in vitro. Further experiments
demonstrated that cell surface-bound MT-SP1 on peritoneal
macrophages activates MSP-1 into its bioactive form and that
this constitutive activation could be blocked by the addition of
exogenous HAI-1 or a specific antibody inhibitor of MT-SP1.
Activation of RON by MSP-1 led to alteration in peritoneal
macrophage cell morphology and important downstream bio-
chemical changes such as modulation of NO production in
bone marrow-derived macrophages.

Although RON activation by MSP-1 has been thoroughly
described in macrophages, resulting in myriad effects ranging
from macrophage activation to chemotaxis to proliferation (19),
this signaling pathway is also important elsewhere. For example,
overexpression of either MT-SP1 or RON, leads to spontaneous
tumor formation in mouse models (31, 32). Given this and the
data supporting MT-SP1, MSP-1, and RON expression in var-
ious cancer tissues, we suggest that this pathway may be impor-
tant in tumor development, maintenance, and/or progression.
MT-SP1, MSP-1, and RON have all been established as cancer-
associated molecules (2, 17, 33, 34). We suggest that cancer cells
may ‘‘hijack’’ this signaling pathway by increasing coordinate
expression of MT-SP1, MSP-1, and RON to drive proliferation
and migration, two fundamental traits of transformed cells. The
components of this extracellular proteolytic signaling pathway
are involved in macrophage activation and are coexpressed in
several tumors, suggesting that the cascade may play a critical
biological role in certain cell types and many cancer tissues. Their
participation in activation of macrophages is particularly inter-
esting, given the association between cancer progression and
inflammation (35). The pathway described here may, indeed,
have clinical significance, as suggested by a recent study showing
that tumors overexpressing MSP-1/MT-SP1/RON are signifi-
cantly more metastatic than the control group in which only a
subset of these genes are expressed (34).

Although this work suggests the sufficiency and importance of
MT-SP1 for the activation of MSP-1, MT-SP1 is a member of a
much larger family of TTSPs. In certain tissues, these TTSPs may
exhibit redundancy of function and may substitute for MT-SP1
in this newly described pathway. Thus, we propose that mem-
brane associated serine proteases, such as, but not limited to,
MT-SP1, represent a previously uncharacterized conceptual
class of upstream regulators of growth factor activity and thus as
catalysts in the initiation of outside-in signaling.

Methods
PS-SCL. Recombinant MT-SP1 was prepared as described (11),
and substrate specificity of MT-SP1 was determined by using
conditions described in refs. 15 and 36. For further details, please
see SI Methods.

Tumor Samples, RNA Preparation, and Hybridization to Custom DNA
Microarrays. Tumor samples and cell lines were obtained from
multiple sources with IRB approval for all tumor samples used

in this study. Breast, prostate, and ovarian cancer specimens
were obtained from two independent research trials and were
therefore analyzed separately and are referred to as trials 1 and
2. Total RNA from nonpathogenic human tissues and organs was
obtained commercially (Clontech, Palo Alto, CA; Invitrogen,
Carlsbad, CA) or was isolated from fresh-frozen cadaveric
samples (Zoion Diagnostics, Shrewsbury, MA) from trauma
victims. The details of the tissue samples used and microarray
design are more thoroughly described in SI Methods.

Quantitative RT-PCR. RNA was extracted from both mouse bone
marrow macrophages and peritoneal macrophages by using
TRIzol reagent as described elsewhere in this manuscript. The
following TaqMan primers were purchased: (Mm00436365�m1
(RON), Mm00487858�m1 (MT-SP1), Mm00444186�m1 (HAI-1)
(Applied Biosystems, Foster City, CA). All reactions were
performed with Universal PCR Master Mix (Applied Biosystems)
using the AB 7300 Real Time PCR system and were monitored
over 40 cycles according to manufacturer’s recommendations.

Statistical Analysis. Gene expression data were collected for
MT-SP1, known substrates, putative substrates, and control
genes. To determine the level of correlation of MT-SP1 with
these candidate genes, two statistical methods were used. All
calculations were performed by using Microsoft Excel or the
statistical shareware ‘‘R’’ and are detailed in SI Appendix.
Pearson’s product moment correlation coefficients, Spearman’s
rank-order correlation coefficients, and associated P values were
calculated. These P values were then corrected by using both the
Bonferroni correction and the false discovery rate correction to
account for making multiple comparisons (37). Correlation
significance was stratified based on the calculated P values for
both Pearson’s and Spearman’s correlation calculations. Corre-
lation coefficient pairs and tissue types were clustered and
presented in a diagrammatic format. Gene pairs are color coded
according to level of significance and sign of the correlation, as
described in the figure legend.

Isolation and Culture of Mouse Bone Marrow and Resident Peritoneal
Macrophages. Mouse bone marrow macrophages were isolated by
flushing the marrow of collected mouse femurs with DMEM and
by selection in vitro (detailed description in SI Methods). Resi-
dent peritoneal macrophages were collected from mice by using
10 ml of DMEM or RPMI medium 1640 for peritoneal lavage.
Cells were collected by centrifugation and were plated in either
DMEM or RPMI medium 1640 with 10% FBS and 1� Pen/
Strep. The yield was �5 � 105 cells per mouse.

Recombinant MSP-1 Cleavage Reactions. Recombinant human MT-
SP1 catalytic domain was prepared and active site titrated as
described (11). Recombinant pro-MSP-1 and mature MSP-1 was
purchased from R & D Systems (Minneapolis, MN). Briefly, 200
ng of pro-MSP-1 or mature MSP-1 was incubated in the presence
or absence of 100 nM MT-SP1 for 30 min at 37°C. This
corresponds to a molar ratio of substrate to enzyme of 1.25:1.
The products were then separated by SDS/PAGE on 4–20%
Tris-glycine gels (Invitrogen) and either silver stained or blotted
onto PVDF for microsequencing or nitrocellulose for immuno-
blotting. N-terminal sequencing of MSP-1 cleavage products was
carried out at the University of California Molecular Structure
Facility (Davis, CA).

Macrophage Morphology Change Assays. Resident peritoneal
mouse macrophages were plated at a density of �2 � 104 cells
per well in sterile nontissue culture, 24-well plates and cultured
in serum-free DMEM overnight. Recombinant MSP-1, pro-
MSP-1, HAI-1, and the MT-SP1-specific antibody inhibitor were
added to 750 �l of DMEM as indicated in Fig. 3. The antibody
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inhibitor was prepared as described and used at a final assay
concentration of 400 nM (38). MSP-1 and pro-MSP-1 were used
at 50 ng/ml, and HAI-1 was used at 40 nM. Four hundred
seventy-five microliters of this culture medium was then applied
to the serum-starved cells. After a 1-h incubation at 37°C with
5% CO2 injection, the cells were analyzed by inverted micros-
copy, and representative pictures were taken. The experiment
was repeated three independent times, and microscopic image
acquisition and analysis was blinded.

Testing MT-SP-1 Cleaved MSP-1 for Bioactivity in Nitric Oxide Produc-
tion Assays. Bone marrow mouse macrophages were isolated as
described above and were plated at a density of �5 � 105 cells
per well in 24-well plates and cultured in serum-free DMEM for
2 h. Recombinant rhMSP-1, pro-MSP-1, MT-SP1, and LPS were
added to 750 �l of DMEM as indicated in Fig. 4 and sterile-
filtered with a 0.22-�m syringe-driven filter unit (Millipore,
Billerica, MA). The final concentration of MSP-1 and pro-
MSP-1 was 10 ng/ml, the final concentration of MT-SP1 was 10
nM, and the final LPS concentration was 1 �g/ml. This medium
was then added to the cells, and they were cultured for 24 h. After

24 h, nitric oxide production was measured by using the Griess
reaction (23). The experiment was performed twice in triplicate.
The data were combined and are represented as the average
nitric oxide production, with the standard error indicated (Fig.
4A). The data are also depicted by condition type as a function
of inhibition of NO production (Fig. 4B). Percent inhibition of
NO production was calculated for each condition as follows.
LPS-mediated NO production was established as 0% inhibition.
Percent inhibition of NO production for each condition was then
calculated as the difference of 100% inhibition and the percent-
age of NO production in the test sample versus the LPS-alone
condition.
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